The best management practices (BMPs) for control of urban stormwater pollution are evaluated to remove solid particles containing various pollutants. Currently, most storm runoff treatment devices using primary pollutant removal mechanism are applied to storm water since most pollutants in runoff are associated with the solid particulates. A hydrodynamic separator is a storm water treatment device using centrifugal motion which separates solids pollution from runoff. In this study, the velocity flow field and particle tracking of hydrodynamic separator were investigated using anthracite as a computational fluid dynamics (CFD) model particle. The Fluent 6.3.26 CFD program was used to predict the solid particles removal efficiency for various parameters such as particle size, surface loading rate, and the ratio of underflow to overflow.
INTRODUCTION
In the early 1970s hydrodynamic stormwater separators (HDS) were used for removing solids from urban storm runoff. Various HDS have been developed to treat urban stormwater runoff. In spite of the differences of design and application, the main intent of these technologies separating settleable solids from the storm water by a swirling flow field was similar (Field & O'Connor 1996; Lee et al. 2006) . Effectiveness of HDS is highly dependent on their geometrical characteristics such as feed inlet geometry (Tyack & Fenner 1999; Puprasert et al. 2004; Drumm & Bart 2006) . In recent years, only few research groups have focused on the simulation of flow field and particle tracking within HDS using computational fluid dynamics (CFD) while these technologies have become increasingly applied (Harwood 2002; Chu & Yu 2008) . In addition, very little data are available to compare different proprietary HDS types in the public domain. In this study, flow field of inside inlet type of HDS has been designed and evaluated to compare the velocity and turbulence. The flow field of the inside inlet type of HDS was simulated with commercial CFD code Fluent.
MODEL DESCRIPTION
The choice of turbulence model will depend on considerations such as the physical parameters including flow and required accuracy level (Chu & Yu 2008) . Single phase doi: 10.2166/wst.2010.480 turbulence models are suitable for calculating the velocity flow in the HDS and needs less time compared to the multiphase model (Drumm & Bart 2006) . The RNG (called renormalization group theory) k-1 model has been applied to conduct their performance. The RNG k-1 model is similar with the standard k-1 model except including an additional terms for dissipation rate 1 that significantly improve the accuracy for rapidly strained flows. The effect of swirl on turbulence is included in the RNG model, enhancing accuracy for swirling flows (Fluent 2008).
The RNG k-1 model and the standard k-1 model can be described by Equations (1) and (2), respectively.
In these equations, G k represents the generation of turbulence kinetic energy due to the mean velocity gradients. G b is the generation of turbulence kinetic energy due to buoyancy. Y M represents the contribution of the fluctuating dilatation in compressible turbulence to the overall dissipation rate. m eff represents effective viscosity.
C 11 , C 21 and C 31 are constants. The quantities a k and a 1 are the inverse effective Prandtl numbers for k and 1, respectively. The motion of a particle is described by Lagrangian flow model. The force balance equates the particle inertia with the forces acting on the particle and can be written as Equation (3).
where, F x is an additional acceleration term, u is the fluid phase velocity, u p is the particle velocity, d p is the particle diameter. F D ðu 2 u p Þ is the drag force per unit particle mass and F D can be written as Equation (4).
MATERIAL AND METHODS

Experimental setup
A schematic diagram of the HDS system used for laboratory scale separator experiments is shown in Figure 1 . 
SS Removal Efficiency ð%Þ ¼
where S I and S o are influent and effluent SS concentrations (mg/L), respectively.
CFD modelling
CFD is essentially a computer based method for the solution of the fundamental governing equations of fluid dynamics such as the continuity, momentum, and energy Equations (Harwood 2002) . For the calculation of the velocity flow field in the hydrodynamic separator (HDS), Fluent 6.3.26
CFD software was used in conjunction with associated Gambit 2.4.6 pre-processor (Fluent 2008). Fluent (2008) applies the finite volume method to solve the steady-state continuity and Navier-Stokes equations for incompressible flow. The cylindrical tangential inlet is modelled as a circular pipe so that the HDS can be meshed by Tet/Hybrid grid. The HDS chamber diameter was 250 mm, height 550 mm, and the cone angle 308. A series of 3-dimensional were set up, consisting of around 320,000 mesh cells for representing HDS. The RNG k-1 swirl dominated flow model constants C m , C 11 , C 21 and swirl factor are assumed to have the following default values: C m ¼ 0.0845, C 11 ¼ 1.42, The particles reaching the underflow outlet were deemed trapped and the rest considered escaped. Using the results of particle tracking, the particle removal efficiencies were calculated using Equation (6) and , 100 mm), respectively. SS removal efficiencies as a function of surface loading rates for graded different type of particle are illustrated in Figure 4 . Since SS removal efficiency increased with decreasing surface loading rate, it can be concluded that gravity force may be significant an important role in achieving separation in HDS.
HDS velocity flow field
The flow field of HDS was simulated for the range of surface loading rates of 200, 400, 800 and 1,400 m 3 /m 2 /day.
A "velocity inlet" boundary condition was used at the HDS inlet, outlet and underflow used the "outflow" condition.
The contours of velocity distribution of the HDS at the different section are shown in Figure 5 . 1.8 g/cm 3 were injected into the inlet with face normal direction. Figure 8 shows the particle traces for anthracite particle size of 100 mm and the ratio of the underflow to overflow (10%) at 800 m 3 /m 2 /day of surface loading rate. In the absence of underflow of surface loading rate, the escape of particles via overflow outlet was promoted in the region of inner skirt while particle trapping for downward flowing water occurred in the presence of underflow. In the absence of underflow, the higher upward flow occurred in inside chamber to outside chamber. These results indicated that the upward flow for resuspended particles were accumulated at the bottom of the HDS and entrains them towards the overflow. Entrainment of resuspended particles into the overflow can be minimized the deflector cone between the outlet wall and inner skirt. It found that at the inlet region, the dominant secondary velocity flow occurred at the 908section from the inlet jet. sizes. The relationship between the particle sizes and trap efficiencies is shown in Figure 9 . Comparison between the CFD model and experimental results of laboratory scale HDS as a function of surface loading rates is shown in Figure 10 .
Effect of the ratio of underflow to overflow
The ratio of the underflow to overflow (Q U /Q O ) is a major parameter for HDS type device (Lee et al. 2006) .
According to the previous research, the ratio ranged from 5% to 25% (Sullivan et al. 1976; Field & O'Connor 1996) . Field & O'Connor (1996) suggested this ratio had a range of 6 -10% and Sullivan et al. (1976) suggested the ratio range was 10 -20%. Generally, the SS removal efficiency is increased with increasing this ratio. Experiments were performed for HDS at 100 to 1,500 m 3 /m 2 /day Table 4 and Figure 11 .
At 800 m 3 /m 2 /day of surface loading rate, the effect underflow rates for HDS efficiency at various ratios of underflow to overflow are shown in Figure 12 . The ratio of underflow to overflow has a relationship on the particle removal efficiency. In case of the ratio of underflow to overflow at 30%, inlet velocity was reduced. This result indicated that gravity settling flux was increased proportionally with Q U /Q O and was reduced with increasing the surface loading rate and vortex flow energy. Figure 13 shows the relationship between the ratios of underflow to overflow and particle removal efficiencies. For the ratio of underflow to overflow of 10%, the removal efficiency was about 85%. When the ratio of underflow to overflow was more than 10%, approximately 90% of the removal efficiency was obtained.
CONCLUSIONS
The velocity flow field in a HDS was simulated successfully using CFD RNG k-1 model and the simulated removal efficiencies of HDS were consistent with the data obtained from experimental measurements of lab scale HDS. The simulated velocity field will be useful to interpret the behavior in the hydrodynamic separator and the results of particle tracking will be applied as useful tool to predict the separation efficiency. 
